The introduction of functional transmembrane proteins into supported bilayer-based biomimetic systems presents a significant challenge for biophysics. Among the various methods for producing supported bilayers, liposomal fusion offers a versatile method for the introduction of membrane proteins into supported bilayers on a variety of substrates. In this study, the properties of protein containing unilamellar phosphocholine lipid bilayers on nanoporous silica microspheres are investigated. The effects of the silica substrate, pore structure, and the substrate curvature on the stability of the membrane and the functionality of the membrane protein are determined. Supported bilayers on porous silica microspheres show a significant increase in surface area on surfaces with structures in excess of 10 nm as well as an overall decrease in stability resulting from increasing pore size and curvature.
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Introduction
The adsorption of proteoliposomes onto a solid substrate and subsequent supported bilayer formation was first demonstrated by Brian and McConnell over 20 years ago. 1 Since this discovery, a great deal of research interest has focused on the development of biomimetic supported bilayer systems incorporating various polymeric, ceramic, and functionalized substrates [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] for the introduction of membrane proteins for bio-and chemical sensing, drug discovery and delivery, and fundamental biophysical studies in near-native environments.
Concurrently, advances in silica processing have made it possible to produce microspheres, monodispersed in size and surface characteristics, 4, 12, 13 which are now commercially available. It has recently been shown that membrane-associated proteins can be incorporated into lipid bilayers supported on silica beads. 4 In one such example, protein association with the membrane was observed to be coincident with macroscopic bead aggregation. 14 In another report, similar bilayer-coated beads were used to study phosphoinositide-specific phospholipase activity using laser trap-based microelectrophoresis. 15 Expansion of these capabilities through high throughput parallel and multiplex strategies offers great possibilities for biosensor technology; 16, 17 however, functional reconstitution of complex transmembrane proteins into this platform has yet to be demonstrated.
Significant advances have been made in the basic understanding of the reversible saturation and subsequent solubilization of phospholipid bilayers using various nonionic detergents. [18] [19] [20] [21] [22] [23] [24] [25] [26] These results provide a physicochemical basis for the purification and functional reconstitution of complex transmembrane proteins into unilamellar vesicles. There are hundreds of studies on this subject, but a few noteworthy examples pertinent to this study include the proteotypical G-protein coupled receptor, bacteriorhodopsin (bR), 27 and a ligandgated ion channel responsible for fast signal transduction, the serotonin receptor (5HT3R). 28 The introduction of solid supports, however, introduces many biophysical questions from the perspective of both the membrane and the incorporated protein. Among these questions are perturbations in membrane fluidity, the conditions for effective detergent solubilization and reconstitution, protein-substrate interactions, protein functionality, and controlling protein orientation. In general, the electrostatic and van der Waals forces of hydrophilic surfaces promote the formation of stable bilayers with lateral fluidity and impermeability to ionic species. 4 However, in many supported bilayer systems, questions remain pertaining to the steric hindrance of supported bilayer formation resulting from proteins protruding from the proteoliposomal surface 29 and the inhibition of diffusion and protein function due to protein-substrate interactions. 30 In an attempt to minimize these issues, silicon oxides have been suggested to be among the most consistent surfaces for bilayer formation using liposomal fusion. 4, 5, 31 In these materials, several persistent monolayers of water (~10 Å) reside between the bilayer and the surface, providing for free diffusion in both membrane leaflets and leaving long range interactions intact, [32] [33] [34] [35] much like a natural biological membrane. The following article reports on the long-term stability, detergent solubilization, and protein incorporation in nanoporous microsphere supported bilayers (NMsb's) resulting from varying particle diameter and surface porosity. This study seeks to identify the optimal surface pore structure for minimal protein-substrate interaction and to gain a better understanding of the stability affects induced by curvature in rigid spherical supports.
In addition to traditional proteoliposome deposition, a method for introducing detergentsolubilized membrane proteins into preformed supported bilayers is described. A comparison of the two methods based upon the incorporation efficiency, orientation specificity, and functionality is also reported. Finally, micromanipulation and patch clamp electrochemical measurements were attempted on the NMsb's, and the cumulative results are discussed in terms of a comparison to biological cells and the potential use in biosensor applications, including receptor-based biodetection and signal amplification.
Materials and Methods
Characterization of Nanoporous Silica Microbeads. Pore Sizes and Bead Densities.
Nucleodur and Nucleosil porous silica microspheres were purchased from GFS with the following parameters: 10, 20, and 30 μm diameter beads, each with 10 nm pores, and additional 10 μm beads with 50 and 100 nm pores. Scanning electron microscopy (SEM)
images of the beads were taken with a Hitachi S-5200 NanoSEM. Aqueous hemacytometer counting of a known mass of each of the different bead types gave the number of the beads, from which the density was calculated by determining the spherical volume per particle. For comparison to the hemacytometer result, a check of the density was also measured by a water displacement assay for a known mass of beads. The mass per bead was used to calculate the spherical surface area of an enveloping membrane. By using known values for the headgroup area of a specified phospholipid in its final hydrated bilayer phase, 36-38 the corresponding quantity of phospholipid necessary for coating the microspheres was calculated.
Solvent-Accessible Surface Area. In order to measure the total solvent-accessible surface area of a given set of beads, an octyltrichlorosilane (OTS)-based self-assembled monolayer (SAM) saturation experiment was performed. Dry beads were weighed and exposed to 10 ultrasonicator (microtip setting = 6, duty cycle = 20%) for 10 min at 4 ºC, at which point the turbidity was removed and unilamellar vesicles between 30 and 100 nm were formed.
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Purification of His 6 -5HT3R from Human Embryonic Kidney (HEK) Cells. Purification of 5HT3R into proteomicelles was adapted from the work of Hovius et al. 39 Briefly, following selection, adherent HEK 293 cells expressing 5HT3R with C-terminal His tags were grown to 90-100% confluence, as described elsewhere. 40 The media was then decanted, and the cells were washed with 5 mL of 1× phosphate-buffered saline (PBS) buffer. Immediately following, the cells were exposed to 10 mL of 1× PBS with 1 mM EDTA for 10 min. The cells were then collected and centrifuged for 5 min at 1900 × g, and the buffer was decanted twice. The cells were then weighed and flash frozen in liquid nitrogen for storage at -80 ºC.
All of the following purification steps were performed on ice or at 4 ºC. One gram of cell pellet was resuspended in 10 mL of 10 mM HEPES buffer, pH 7.4, containing 1 mM EDTA.
The cells were then homogenized using an Ultra Turrax 18 at full speed (24 000 rpm). A 25
μL portion of protease inhibitor cocktail (P8849, Sigma Aldrich) was then added, and the pellet was diluted to twice its original volume by adding 10 mL of 1× PBS buffer. The membrane pellet was then isolated by centrifuging in an Allegra 25R centrifuge at 20400 × g with a detergent-to-phospholipid ratio of ~1:2. The bR proteomicelles were then added to the detergent-saturated liposomes, incubated at 35 ºC for 1 h, and stored overnight at room temperature. The resulting solution was then subjected to dialysis using a 15 kD cutoff dialysis cassette (Tube-O-DIALYZER, GBiosciences) submerged in 1 L of the buffer solution described above with washed SM2 BioBeads (BioRad) added to the external dialysis solution in three additions over 6 h as described previously. 43, 44 A similar procedure was applied for nonaethylene glycol monododecyl ether (C12E9, Fluka)-solubilized Histagged 5HT3R purified from HEK cells using a 25 kD cutoff dialysis cassette with
BioBeads additionally added to the internal dialysis cassette buffer.
Fluorescence Labeling of bR. Fluorescence labeling of bR was adapted from the work of Kahya et al. 45 Briefly, following proteoliposome reconstitution, bR was exposed to three molar equivalents of 5(and 6)-carboxyrhodamine 6G succinimidyl ester (5(6)-CR 6G SE, Molecular Probes) in bicarbonate buffer at pH 8.5 for 1 h at 22 ºC followed by 16 h at 4 ºC.
The resulting fluorescent protein conjugate was then purified to remove unreacted dye by dialysis using a 10 kD cutoff dialysis cassette in 1 L of 10 mM HEPES buffer (pH 7.4, with 10 mM NaCl, 80 μM MgCl 2 , and 20 μM CaCl 2 with washed SM2 BioBeads).
Preparation of Nanoporous Microbead Supported Bilayers. The desired number of beads was pipetted with stirring from a stock suspension (10 μm: 1.25 × 10 8 beads/mL; 20 μm:
1.56 × 10 7 beads/mL; 30 μm: 4.63 × 10 6 beads/mL), and the supernatant was removed. The freshly prepared liposome or proteoliposome solution was then added, and the suspension was vortexed on the lowest setting for 45 min. The suspension was then allowed to sit undisturbed for 5 min. The beads were then centrifuged and washed with the desired external buffer to remove phospholipids free in solution. Repeating the washing procedure three or more times was found to be sufficient to remove all phospholipids unincorporated into the supported bilayer.
Direct 5HT3R Reconstitution into NMsb's. A suspension of NMsb's (10 μm diameter, 10 nm pores) in 0.5 mL of 10 mM HEPES buffer was warmed to 35 ºC, and 25 mM C12E9 was added in 6 (1.5 μL) aliquots with stirring to adjust the detergent-to-phospholipid ratio to 1:2.2 over 1 h. 5HT3R was freshly purified as described above and combined with the detergent-saturated supported bilayers, so that the final detergent-to-phospholipid ratio did not exceed 3:2, and the overall detergent concentration was above the critical micelle concentration (cmc). The mixture was then further incubated at 35 ºC for 1 h with gentle agitation. The resulting bead suspension was then centrifuged and washed, and the remaining detergent was removed with SM2 BioBeads and dialysis as described above. For electrochemical measurements, the beads were exposed to 10 mM Ca 2+ prior to NMsb formation, and, likewise, 10 mM Ca 2+ was added to 1 L of 10 mM HEPES dialysis buffer.
Following dialysis, the beads were centrifuged and washed three times with 10 mM HEPES buffer.
Asymmetric Supported Bilayer Formation. Samples of the SAM-coated microspheres described above were exposed to fluorescently labeled liposomes as well as 0.5% mol/mol Rhodamine DHPE and 95.5% mol/mol EPC as chloroform solutions. Liposome deposition was performed as described above. SAM exposed beads that had been exposed to phospholipids in chloroform were dried under nitrogen and washed with buffer five times.
Electrochemical Measurements. Bilayer stability, detergent solubilization, and protein functionality were probed using a calcium-sensitive electrode purchased from 
Results
Scanning Electron Microscopy. Asymmetric Supported Bilayers. The formation of asymmetric bilayers was observed using confocal fluorescence Z-scanning microscopy. A bright ring of intensity was observed on the bead surface in both preparations, with the nonliposomal treatment producing higher fluorescence intensities than the bilayers generated by liposomal fusion. In both treatments, however, the fluorescence permeated deeper into the bead surface than beads coated with symmetrical bilayers. The overall yield of supported asymmetric bilayer formation was appreciably higher using nonliposomal methods due to the low suspendibility of SAM- bR Reconstitution. The results of a FRAP assay using fluorescently labeled bR NMsb's (10 μm diameter, 10 nm pores) produced by proteoliposome adsorption are shown in Figure 6 .
The results of this assay yield a diffusion constant of 0.038 μm 2 /s for light-adapted bR at low concentrations, which is within ~60% of that reported for bR in giant unilamellar vesicles (GUVs). 50 However, incomplete fluorescence recovery and the overall retention of the two-dimensional bleached area indicates the presence of mobile and immobile phases of the protein in the supported bilayer, consistent with the observations of Weng et al. 5 On the basis of the total ratio of the surface area bleached to the total bead surface area, the immobile phase is calculated to be ~10% of the incorporated bR. When comparing the above observed diffusion constant to the diffusion constant on beads with 50 and 100 nm pores, we observe a decrease in the measured effective diffusion constant by a factor of greater than 3. We believe this to be the result of the increasing degree of bilayer invagination on beads with larger pore size, thus increasing the total bilayer surface area and substrate-protein interaction. This result is supported by bilayer surface area measurements, which show that the bilayer surface area is 2-3 times larger in the larger pore size beads. 
Functionality and Orientation of bR.
It has been previously observed that bR inserts unidirectionally into preformed detergent-saturated SUVs. 27 Similar results were observed for bR reconstituted into detergent-saturated SUVs produced in our lab. Fluorescence spectra were recorded from beads that were loaded with 50 μM of the pH-sensitive dye, 5(and 6)-carboxy SNARF-1 before exposure to unlabeled bR proteoliposomes.
Temperature-controlled (22 ºC) exposure to a 100 W UV-filtered Xenon lamp produced a small spectral shift under these conditions. A second measurement, in which 5 mM Gd 3+ was added to the external solution, is shown in Figure 7 . In this case, a large spectral shift is observed, corresponding to ~1.5 pH units, indicating the accumulation of a +90 mV membrane potential during illumination. In order to interrogate the orientation selectivity of bR in NMsb's incorporated by proteoliposomal deposition, a quenching assay was performed on extracellular fluorescence-labeled samples. As supported by the functionality assay, proteoliposome-deposited bilayers display 65% fluorescence quenching, indicative of 70% right-side-out-oriented bR, after correcting for the total quenching efficiency. From these observations, we propose the following mechanism of supported bilayer formation via In order to determine the effect of detergent saturation on the orientation selectivity of bR, extracellularly labeled bR containing NMsb's were exposed to saturating detergent conditions (0.024 M OG; 50:1 OG/PL), and the detergent was subsequently removed by either dialysis or repeated washing cycles. Fluorescence quenching after 30 min of exposure to KI showed 80% bleaching efficiency, corresponding to ~85% right-side-out orientation in both cases. However, in the washed samples, the overall starting fluorescence intensity was reduced significantly (~60%), indicating the resolubilization of a significant portion of bR resulting from detergent saturation.
5HT3R Concentration, Orientation, and Function. Upon completing detergent removal, fluorescence spectra of the 5HT3R-containing NMsb's were taken after exposure to 0.1 mM Ni-NTA-5(6)-CR 6G and three washings. These UV-vis spectra were corrected by titration with 0.1 mM EDTA and subtracting this baseline after three washes. Using a standard curve for Ni-NTA-5(6)-CR 6G, the final 5HT3R concentrations were measured to be ~15 nM for the direct incorporation of 5HT3R and ~200 pM for proteoliposome deposition of 5HT3R.
These concentrations correspond to a minimum of 7500 receptors per bead and 100 receptors per bead, respectively, from 1 g of starting HEK cells. This result is expected due to the large excess of proteoliposomes necessary to form a complete bilayer over a large curved surface. In order to probe the orientation of the receptors, an assay was conducted in which receptors were labeled before and after reconstitution, whereas other samples were either labeled before or after reconstitution. The results of this assay show a significant Patch Clamp. Gigaseals were not observed on NMsb's on any of the range of bead sizes or pore structures using coated and uncoated (D-lysine, PDMS, OTS SAM) glass apertures ranging from 500 nm to 10 μm. However, translocation and micropositioning of NMsb's were performed using micropipettes incorporating pressure-controlled micromanipulation.
This result suggests the importance of cellular flexibility in the formation of gigaseals for single-channel and whole-cell patch clamp electrochemical measurements. For these applications, less rigid supports such as polymeric hydrogels or multilamellar supported bilayers are proposed as a future direction for biomimetic investigation using patch clamp electrochemistry.
Discussion
Several noteworthy observations were made in probing the effects of substrate pore size and diameter in phosphocholine supported bilayers. With respect to curvature, the larger diameter beads displayed the greatest capacity to maintain compartmentalized fluorescent dye and calcium ions and were the most resistant to detergent solubilization. The conclusion that high curvature in phosphocholine supported bilayer systems can significantly reduce the resulting bilayer stability suggests the potential significance of the intrinsic curvature 51 of the incorporated bilayer components. Thus, adjusting the lipid component mixture to more efficiently match the curvature of a specified supported bilayer system may offer a large increase in bilayer stability. When considering pore size, it was observed that, in bilayers with pores <2 times the bilayer thickness, fluid bilayers span surface structures much like a bilayer in its gel phase. When the pore sizes are much larger than the bilayer thickness, the membrane is significantly invaginated into the pore, thus increasing the membrane surface area. For various applications, different degrees of invagination may be appropriate;
however, the fraction of membrane-bound protein exposed to the surface may be significantly increased and the overall bilayer stability diminished.
In probing detergent solubilization, exposure of porous bead supported bilayers to increasing detergent concentrations showed reversible detergent saturation of the bilayer; however, even at detergent/phospholipid ratios exceeding 50:1 (above the cmc), complete bilayer solubilization was not observed. To rule out the possibility of perturbations resulting from surface-accessible fluorescent tags, the experiment was repeated with an in-membrane fluorescent label with the same result. The evidence suggests, however, that the platform described is not a case of a detergent-resistant bilayer as seen in many biological systems, 52 but possibly the result of the high surface area for mixed micelle adsorption. Finally, protein reconstitution into preformed supported bilayers was carried out at detergent saturating conditions and resulted in a large increase in reconstitution efficiency and orientation selectivity.
Conclusion
Over the last several decades, membrane-bound proteins have become recognized as a major The results of these experiments provide a basis for ionic and fluorescent dye-based compartmentalization assays as well as high-resolution optical and electrochemical interrogation such as laser trapping and patch clamp. The structural stability added to the bilayer as a result of the porous substrate allows proteins to be incorporated using traditional nonionic detergent-based methods. Additionally, the availability of uniformly sized beads with uniform pore structure allows the bilayer diameter and surface area to be directly
controlled. These findings demonstrate that bilayer-coated porous silica beads offer a stable, size selective, and convenient platform for the study and incorporation of purified transmembrane-bound proteins with minimal unfavorable protein-substrate interaction due to high surface porosity with <10 nm scale surface structures.
